Perceived contrast is reduced after prolonged exposure to a textured pattern (contrast adaptation). The size of this effect is dependent on the relationship between the adapting contrast and the test contrast. It is generally accepted that the greatest reductions occur when the adapting contrast is much higher than the test contrast. Here this relationship was examined for a wide range of spatial frequencies. The results show that the effect of the adapt/test ratio on perceived contrast following contrast adaptation is highly spatial frequency dependent. At high spatial frequencies >1 cpd perceived contrast was reduced for all adapting contrasts, which is consistent with other studies. However, at low spatial frequencies (<1 cpd) the perceived contrast was actually above veridical perception when the adapting contrast was lower than the test contrast. This finding has not been previously reported and has important implications for models of contrast perception.
Introduction
Exposure to a grating with supra-threshold contrast reduces contrast sensitivity at threshold (Blakemore & Campbell, 1969) and the perceived contrast of the grating (Blakemore, Muncey, & Ridley, 1971 , 1973 . This effect is highly spatial frequency (SF) dependent, i.e. perceived contrast is reduced only if the adapting and test gratings have similar spatial frequencies. These results suggest the presence of multiple SF tuned contrast adaptation mechanisms. These SF channels can be found by adapting and testing with SFs as little as 1 octave apart (Tolhurst & Barfield, 1978) . Modeling of these SF specific adaptation results showed that the channels appeared to have SF tuning bandwidths (Georgeson & Harris, 1984) similar to those of cortical simple cells in the monkey (De Valois, Albrecht, & Thorell, 1982) . Georgeson (1985) conducted an influential series of experiments where subjects were required to compare the contrasts in two spatially separated apertures. One aperture was exposed to an adapting grating between comparison tests. In this way it was possible to characterize the change in perceived contrast in the adapted window, as compared to the non-adapted grating. The spatial frequency of the gratings was 3 cycles per degree (cpd). The range of adapting contrasts used was 0.05-0.32, while a larger range of test gratings were used (0.05-0.64). The results were very clear and have driven the literature in this area ever since (e.g. Barrett et al., 2002) . Adaptation always led to a reduction in perceived contrast in the adapted window. This was the case whether the adaptation contrast was above or below the test contrast. Despite the impact of this finding (e.g. Clifford & Ibbotson, 2003; Langley, 2002; Määttänen & Koenderink, 1991; Ross & Speed, 1996; Snowden & Hammett, 1992; Webster & Mollon, 1995) , the experiment focused on adaptation contrasts that were generally higher than test contrasts. Cameron, Baker, and Boulton (1992) demonstrated in a motion adaptation experiment that adaptation is SF selective for SFs above 0.5 cpd. However, for SFs below 0.5 cpd there was no discernable difference in the strength of the motion after-effect over that of 0.5 cpd. This result was independent of adapting contrast and suggested that there is a 'lowest adaptable channel' below which adaptation effects are not distinguishable from each other.
We sought to examine the effects of contrast adaptation on perceived contrast at a SF (0.4 cpd) that would correlate with this 'lowest adaptable channel'. In preliminary experiments conducted during the present study it was noticed that for low spatial frequency gratings (0.4 cpd) adaptation at low contrasts and testing at high contrasts (>0.6) led to an increase in perceived contrast. The present work therefore quantitatively re-assesses the relationship between adaptation and test contrasts on perceived contrasts for a far wider range of contrast values (0.04-1) and for a large range of spatial frequencies (0.18-3 cpd). The results show a clear region of contrast space where contrast adaptation actually enhances perceived contrast, but only for low spatial frequencies (<1 cpd). That is, after adaptation at moderate contrasts, subsequently presented high contrast stimuli appear to have even higher contrasts. This novel finding is significant as it has important implications for the current models of contrast and spatial frequencydependent adaptation in the human visual system.
Methods

Subjects and equipment
Five subjects (ages 21-43) participated in the study. The subjects had normal or corrected to normal vision, with the exception that one subject, MH, had poor vision in one eye and wore an eye patch. All subjects participated voluntarily and provided informed consent following an Australian National University human ethics committee protocol (2004/256). The stimulus sequence was randomised for each subject. One subject voluntarily withdrew from the study having completed only a single SF condition and thus provided an incomplete data set that are not included in the subsequent analyses involving SF as an independent variable.
All stimuli were generated on a VSG2/5 graphics card (Cambridge Research Systems Ltd.). Stimuli were presented at 100 Hz on a 20 monitor (Eizo T662-T, 800 Â 600 pixels). The stimuli were surrounded by a grey of mean luminance (Lum; 50 cd/m 2 ). The contrast of the sine-wave stimuli is defined as:
The monitor was positioned 57 cm from the subject's eyes and subjects, with the exception of MH, viewed the stimulus binocularly. Subject's position relative to the screen was stabilized using a chin support.
Procedure
The stimulus consisted of an initial adaptation phase (30 s) followed by a series of 40 tests (0.5 s). A top-up adaptation stimulus (4 s) was shown between each of the tests following the response of the subject to the previous test. There was a delay of 0.5 s between the offset of the adaptation phase and the onset of the test phase to prevent sequential masking effects from the adapting grating encroaching on the perception of the test grating (Foley & Boynton, 1993) . The stimulus consisted of vertically oriented sinusoidal gratings with spatial frequencies of 0.18, 0.4, 1.8 or 3 cycles per degree (cpd) and a drift-rate of 4 Hz. The upper value of 3 cpd was included to facilitate comparison of our results with those of Georgeson (1985) with the caveat that this comparison is limited by our use of drifting versus Georgeson's flickering gratings. The adapting sine-wave gratings were oriented vertically (moved horizontally) and were positioned in a circular aperture that subtended 4°of visual angle. This aperture was surrounded by a background of mean luminance, and the boundary between stimulus and surround was a hard edge. The centre of this aperture was placed 2.5°to the left of a red fixation point. The gratings moved toward or away from the fixation point. During the test phase another grating was presented in a 4°aperture 2.5°to the right of the fixation point. There were four adaptation contrasts (0.125, 0.25, 0.5, 0.75 ) and a control (no adaptation). Subjects were to report which stimulus had ''higher contrast" during the test phase (left or right) in a forced choice manner. The contrast of the grating in the left aperture was fixed at one of four assigned test contrasts (0.125, 0.25, 0.5, 0.75) . The contrast of the grating in the right aperture was manipulated between trials using two QUEST staircases (Watson & Pelli, 1983) , randomly interleaved, such that the contrast of the stimulus approached the perceived contrast of the test stimulus in the left aperture. In control (0% adapt) conditions a blank screen of mean luminance was presented during top-up adaptation phases, although the fixation point was maintained to facilitate fixation until the beginning of the next test phase. In these conditions the initial adaptation was omitted. The direction of motion, toward or away from fixation, was randomly manipulated between test runs as was the spatial phase of the gratings at onset.
Measure of perceived contrast
We found that comparing the point of subjective equality (PSE) to the test contrast in order to determine the change in perceived contrast was inappropriate as there were small yet significant response biases for each subject. Specifically, there was a tendency for all subjects to report a contrast as slightly higher (mean: 0.02) than veridical (p < 0.01). Due to this bias the differences (C DIFF ) between the perceived contrast in the non-adapted and adapted states were calculated using the formula:
where PSE c,non-adapted is the PSE of a given test contrast c in the control condition where there was no adaptation and PSE c,adapted is the PSE of the same test contrast c following adaptation at contrast a. This transformation minimizes any systematic response biases in the data by relating each estimate of perceived contrast following adaptation to its corresponding non-adapted estimate rather than the ''true" test contrast presented. If we were to relate the PSE to the actual test contrast the contrast enhancement would be larger than in the data presented, so this transformation provides the most conservative presentation possible of the novel result.
Results
Subjects were required to judge perceived contrast for gratings moving in each of two directions, toward the fixation point and away from the fixation point. This testing procedure was used as a control to make sure that motion direction did not have an influence on perceived contrast. A three-way repeated measures ANO-VA was conducted with adaptation contrast, test contrast and motion direction as the independent variables and the C DIFF as the dependent variable. There was no significant main effect of direction on the perceived contrast of the stimulus (F = 1.647, p = 0.29) and all interactions that included direction as a term were also not significant. As a result, subsequent analyses ignore the direction of the stimulus. Thus, the results consisted of four estimates of the perceived contrast of the test stimulus, two for each direction of motion (toward fixation/away from fixation) from two interleaved QUEST stair cases. Fig. 1 shows contour plots of the average of the four values of C DIFF obtained for each adaptation/test contrast permutation in each of five subjects (SW, and CB were naïve observers and MH, SC and MI were experienced subjects). The colour bar indicates the average C DIFF for each of the adapt/test contrast permutations. The difference is positive (red) when perceived contrast following adaptation was greater than in the non-adapted case, and negative (blue) when perceived contrast following adaptation was lower than the non-adapted value. White areas in the contour plots show areas where perceived contrast was not affected by adaptation based on a minimum significant difference threshold (p < 0.05). The solid line shows the cases where the adaptation and test contrasts of the stimuli were the same. In all cases, the spatial frequency of the stimulus was 0.4 cpd.
For all five subjects, when adaptation contrast was higher than the test contrast, the perceived contrast was lower than veridical ( Fig. 1 , blue top left). Conversely, when the adaptation contrast was lower than the test contrast, perceived contrast was either unchanged or greater than veridical (Fig. 1 , red bottom right). Importantly, for all subjects there was a zone where adaptation at a low to moderate contrast and testing at a high contrast resulted in an increase in perceived contrast. For three of the subjects (CB, MI, MH), adaptation at a contrast close to 0.25 and testing at 0.75 led to the maximal increase in perceived contrast. For SW and SC the maxima for the adapt/test contrasts were, respectively, 0.5/0.25 and 0.75/0.5. While there is some variability in the peak location between subjects, the consistent finding is that adaptation at low to moderate contrasts and testing at high contrasts leads to increases in perceived contrast. This increase has not been reported previously.
In order to evaluate this apparent trend we conducted a twoway repeated-measures ANOVA with adaptation and test contrast as the independent variables and C DIFF as the dependent variable. This analysis revealed a significant interaction between adaptation and test contrasts on the C DIFF (p < 0.0001) and main effects on C DIFF of both adaptation and test contrast (p < 0.001). Post-hoc polynomial trend analysis revealed that this interaction trend was linear-by-linear (p < 0.01) such that C DIFF was more negative with increasing adaptation contrast and decreasing test contrast.
Having identified (1) that there is an increase in perceived contrast when tested at high contrast following adaptation at low contrasts; and (2) the linear-by-linear relationship between adaptation and test contrasts on the perceived contrast, we investigated the effect of spatial frequency on changes in perceived contrast. Fig. 2 shows contour plots of the average C DIFF as a function of adaptation/test contrast for each of four subjects (MI, SC, SW, MH) for gratings with four different spatial frequencies: 0.18, 0.4, 1.8 and 3 cpd. Colour code and conventions are the same as in Fig. 1 . The data in Fig. 2 shows a consistent trend for spatial frequency. At the highest spatial frequency (3 cpd, Fig. 2M -P) all adapt/test combinations lead to a reduction in perceived contrast for all subjects. At 1.8 cpd (Fig. 2I-L ) adaptation always generated reduced perceived contrast but the reduction was less than that for the 3 cpd gratings ( Fig. 2M-P) . As already reported, for a spatial frequency of 0.4 cpd (Figs. 1 and 2E-H) most adapt/test combinations led to reductions in perceived contrast except for a particular range of combinations, i.e. when the adapting contrast was low to moderate and the test contrast was high. Finally, for the lowest spatial frequency (0.18 cpd, Fig. 2A-D) the trend is similar to that observed for a spatial frequency of 0.4 cpd, however the increase in C DIFF is even greater (the area of increased perceived contrast appears as red in the bottom right of Fig. 2A-H) .
In order to show the statistical error associated with C DIFF , the data is presented as line plots in Fig. 3. Fig. 3 shows the relationship between C DIFF (ordinate) and the test contrast (abscissa) for each adaptation contrast (symbols). The error-bars in Fig. 3 are ±1 standard error. Solid symbols indicate values of C DIFF that differ significantly from zero (t-tests, a < 0.05). Fig. 3 also shows the contrast range at which C DIFF would fall below the contrast discrimination threshold for a given test contrast (from Abbonizio, Langley, & Clifford, 2002) as a grey horizontal band. Within this range it is unlikely that the changes in perceived contrast following adaptation in the present study would be perceptually discriminated. As would be expected, almost all of the points that fall within the grey area of Fig. 3 are not significantly different from zero. The key finding presented in this figure is that the positive values of C DIFF found at low adaptation and high test contrasts when the SF was low (Fig. 3A-H) are (1) greater than the threshold for contrast discrimination at the relevant test contrasts; and (2) are significantly positive, i.e. they reflect actual increases in perceived contrast. Fig. 1 . Per-subject contour plots demonstrating shifts in perceived contrast for each adapt-test permutation when the spatial frequency of the stimulus was 0.4 cpd. The adaptation contrast is shown on the ordinate and test contrast on the abscissa. The solid diagonal line shows the conditions in which adaptation and test contrasts were matched. The colour bar indicates the shift in perceived contrast following adaptation (blue: attenuation; red: enhancements). Clear enhancements in perceived contrast occur when adapting contrasts are low and test contrasts are high. In general the trend demonstrated is of perceived contrast being reduced as the adaptation contrast increases and the test contrast decreases. There is some inter-subject variability in the absolute strength of the shifts in perceived contrast.
Given the significant linear-by-linear trend found for the 0.4 cpd conditions we examined whether this trend was maintained across the other spatial frequencies tested. We conducted a three-way repeated-measures ANOVA with SF, adaptation and test contrast as the independent variables and C DIFF as the dependent variable. The results of this analysis revealed that the twoway interaction between adaptation and test contrast on C DIFF was highly significant (p < 0.00001).
In addition, the other two-way interactions (adaptation contrast by SF and test contrast by SF) were also significant (p < 0.05). The three-way interaction between adaptation contrast, test contrast and SF on C DIFF also approached significance (p = 0.07). Subsequent polynomial trend analyses revealed that the interaction between adaptation contrast, test contrast and SF was linear-by-linear-bycubic (p < 0.01), such that at the two lowest SFs (0.18 and 0.4 cpd) the linear-by-linear adaptation/test contrast interaction demonstrated in the 0.4 cpd condition was maintained. However, no such trend was found in the two highest SFs tested (1.8 and 3 cpd). It is evident that perceived contrast is dependent on a linear relationship between adaptation and test contrast such that low adaptation and high test contrasts increase perceived contrast. Conversely, high adaptation contrasts and moderate to low test contrasts reduce perceived contrasts. This relationship was only relevant when the grating used had relatively low SFs (<1 cpd).
In order to further quantify the relationship between adaptation and test contrasts and provide comparison with previous studies (e.g. Georgeson, 1985) we transformed the data presented in Figs. 2 and 3 by (1) calculating the ratio between adaptation and test con- trasts; and (2) calculating the elevation in test contrast that would be required to remove the adaptation effect. Elevation in perceived contrast was the ratio C t /C s , where C t is the test contrast (in the adapting aperture) and C s is the contrast required (in the nonadapted aperture) to negate the adaptation effect. Positive values of log elevation indicate reductions in perceived contrast, while negative values indicate increases in perceived contrast. Fig. 4 plots the log elevation against the log adapt/test ratio for both subjects (columns) and for each spatial frequency (rows). In each panel, the vertical and horizontal lines indicate the values, respectively, where the log adapt/test ratio is zero (i.e. the adapt/test ratio is unity), and where the log elevation is zero and perception is veridical. The solid circles correspond to those presented in Fig. 3 and show where C DIFF was significantly different from zero (t-tests, Fig. 3 . Line plots showing the relationship between C DIFF (on the ordinate) and test contrast (on the abscissa) following adaptation at four different contrasts (see legend), for each SF. Solid points indicate significant shifts in C DIFF (a = .05), empty points are not significantly different from zero. Error-bars indicate standard errors. The horizontal line indicates the point at which the perceived contrast following adaptation was veridical. Points above the horizontal line indicate the contrast of the test stimulus was enhanced following adaptation, while points below the horizontal line indicate a reduction in perceived contrast. The grey area indicates the range of contrasts at which a difference in perceived contrast would be below the contrast discrimination threshold (from Abbonizio et al., 2002) . AT high SFs (1.8 I-L and 3 cpd M-P) there was a profound reduction in perceived contrast following adaptation with almost all adapt-test contrast permutations showing negative values of C DIFF . At low SFs (0.18A-D and 0.4 cpd E-H) this trend continued when adaptation was at high contrasts (0.5 -triangles and 0.75 -diamond lines). When adaptation was at low contrasts (0.125 -circles and 0.25 -squares) perceived contrasts tended to increase for contrasts higher than the adaptation contrast and decrease for contrasts lower than the adaptation contrast. a < 0.05), while the empty circles indicate non-significant shifts. It is clear that for high spatial frequencies (1.8 and 3 cpd, Fig. 4I -P) log elevation in perceived contrast is almost always positive, i.e. perceived contrast is reduced and there is a general trend that as the log adapt/test ratio increases, so does the log elevation. Sigmoid fits to the data show modest R 2 values accounting for 20-79% of the data at the high SFs (1.8 and 3 cpd) and are positive over the entire log (adapt/test) range presented. For low spatial frequencies (0.18 and 0.4 cpd), log elevation has a more complex relationship with the log adapt/test ratio. For positive values of log adapt/test ratio, perceived contrast is reduced. However, for negative log adapt/test ratios perceived contrast is clearly increased (i.e. negative values of log elevation, Fig. 4A-H) . The data in these panels are well fit by sigmoids with R 2 s of 0.8-0.92, and show that the base line of the sigmoid has shifted to negative log (elevation) values indicating that perceived contrast is increased at low adapt/test ratio conditions. (1985) showed for the first time that 'the effectiveness of an adapting grating [on reducing perceived contrast] depends not on the adapting contrast per se, but on the ratio of adapting contrast to the standard contrast level being tested'. It has since been assumed that adaptation at all adapt/test combinations would show reductions in perceived contrast (Georgeson, 1985; Ross & Speed, 1996) . The results presented here show for the first time that this is not the case. For all subjects in the present work, adaptation at low to moderate contrasts and testing at high contrasts led to increases in perceived contrast if low spatial frequency (SF) gratings were used. This increase in perceived contrast has not been reported previously and shows an effect in the contrast domain that is similar to recent observations of differential enhancements in perceived speed after adaptation to selected speeds (Hietanen, Crowder, & Ibbotson, 2008) . To explain the dependence on the adapt/test ratio a subtraction model was developed (Georgeson, 1985) . The model uses the formula C s = C t -k, where C s is the comparison contrast, C t is the test contrast in the adapting aperture and k is the subtractive effect of adaptation, which increases with increasing contrast. The subtraction model is insufficient to explain the increases in perceived contrast found in the present study. In addition to the decreases in log elevation found at low adapt/test contrast ratios there are other marked differences between the values of log elevation presented here and those previously reported by Georgeson (1985) . Specifically, at high values of the adapt/test contrast ratio we found weaker adaptation and the relationship between elevation and adapt/ test ratio was less stable. One explanation for the differences in the strength of adaptation in the 3 cpd condition between the experiments is the adaptation protocol itself. Previous experiments used longer initial adaptation phases (180 vs. 30 s), longer top-up adaptation periods (6 vs. 4 s), flickering gratings rather than drifting gratings and a slower temporal modulation (1 vs. 4 Hz) (Georgeson, 1985) . It has been established that adaptation strength is strongly related to the length of adaptation time and is well described by a power function (Greenlee, Georgeson, Magnussen, & Harris, 1991) , so it is possible that the strength of adaptation at 3 cpd may be partially dependent on the length of the adaptation period. Georgeson's (1985) subtraction model was later supplemented by Langley (2002) with several isotropic (broadband) adaptation components described as additive, divisive and exponential. These supplementary components resolved the conflicting results showing disparate orientation tuned adaptation effects at low and high adaptation contrasts between the studies of Georgeson (1985) and Ross and Speed, respectively (1996) . One consequence of a broadband additive adaptation component is the suggestion that contrast enhancement may be possible. While Langley (2002) suggested that the isotropic adaptation mechanisms are present only during high contrast adaptation, our results suggest that there may also be a broadband additive adaptation effect present at relatively low spatial frequencies (<1 cpd).
Discussion
Georgeson
It is well known that human perceptual contrast sensitivity increases with increasing SF, reaching a peak at around 3 cpd before starting to decrease again (Pantle & Sekuler, 1968; De Valois, 1977) . Contrast sensitivity has also been shown to be dependent on the number of cycles presented (Hoekstra, Van Der Goot, Van Den Brink, & Bilsen, 1974) . Given that the highest SF used in the present study was 3 cpd and the number of cycles presented at the lower SFs was low (0.72 and 1.6 cycles for 0.18 and 0.4 cpd respectively) it is plausible that the observed increase in perceived contrast following low contrast adaptation may be attributed to a decrease in contrast sensitivity. To examine this three subjects repeated our experiment at a SF of 7 cpd. This SF should reduce contrast sensitivity for adapt/test contrasts that showed contrast facilitation at low SFs (0.125/0.5, 0.125/0.75, 0.25/0.5, 0.25/0.75) . We found no evidence for contrast facilitation in the subjects tested (data not presented).
It is important to note that the contrast-subtraction model proposed by Georgeson (1985) does not require or include contrast gain control. Adaptation to high contrast stimuli leads to changes in the filter properties of visual neurons that have profound influences on later processing (Ibbotson & Clifford, 2001) . Specifically, contrast gain control is revealed as a sideways shift of the contrast response functions of cortical neurons after adaptation, and is usually accompanied by a reduction in response gain (the contrast response functions are compressed downwards) (Albrecht & Hamilton, 1982; Hietanen, Crowder, Price, & Ibbotson, 2007; Ohzawa, Sclar, & Freeman, 1982; Sclar, Lennie, & DePriest, 1989) . The increase in perceived contrast observed in the present work suggests that under certain adapting conditions: (1) the contrast response functions (CRF) of cortical cells shift upwards; and/or (2) the CRFs become steeper. A small number of cells in cat cortex (<5%) do indeed show slight increases in maximum response at high contrasts if the adapting grating is orthogonal to the test grating (Crowder et al., 2006) . Thus, absolute increases in sensitivity to contrast are possible but the effects are small and stimulus-dependent.
As cortical neurons are only able to respond over a limited range of contrasts, it is unlikely that the perception of contrast is dependent on the activity of single cells (Albrecht & Hamilton, 1982) . It has been suggested that cells with different contrast tuning are needed to process the visible contrast domain forming 'multiple contrast channels' (Albrecht & Hamilton, 1982; Georgeson, 1985) . It is also well established that adaptation is spatial frequency selective (Blakemore & Campbell, 1969; Snowden & Hammett, 1996) . That is, exposure to a grating of a particular spatial frequency generates maximal adaptation if the same spatial frequency is used in the test phases. The differences between the contrast effects at different spatial frequencies also suggest the existence of multiple contrast adaptation mechanisms in the visual system, each only operating over a selected spatial frequency range. Tolhurst and Barfield (1978) showed that spatial frequency adaptation elevates detection thresholds close to the adapting SF while reducing the threshold at SFs more than 1 octave away from the adaptation SF. While Georgeson and Harris (1984) demonstrated, using a fatigue model of adaptation, that the multiple SF channels responsible for differences in threshold elevation following adaptation at different SFs had similar tuning bandwidths (1.4 octaves) as cortical simple cells in the monkey (De Valois et al., 1982) . Cameron et al. (1992) showed that adapting at any SF below 0.5 cpd produced adaptation effects as if adapted 'at' 0.5 cpd at a visual eccentricity of 4°. They suggested that this is due to the stimulus affecting the 'lowest adaptable channel'. This is consistent with our findings in that the adaptation effects seen in the 0.18 cpd and 0.4 cpd are very similar to each other in comparison to those found at higher SFs, suggesting that similarity of our results at the lowest SFs in our data may be due to adaptation to a single SF channel. However, overall, at least two SF channels would be needed to account for the effects seen in our data.
Due to the 'multiple contrast channels' and 'spatial frequency channels' outlined above, the question that remains is whether there is a known neural mechanism that could be responsible for the interactions between SF, adaptation contrast and test contrast found in the present experiment? Given the psychophysical nature of the present experiment it is not possible to determine the precise nature of the neural response that is responsible for changes in contrast perception. Nevertheless, an intriguing correlation exists between the differences in perceived contrast following adaptation to low and high spatial frequencies (SFs) found in the present experiment and the relative properties of the magnocellular (M) and parvocellular (P) pathways in the primate brain. P cells respond best to stimuli with high contrasts (Hicks, Lee, & Vidyasagar, 1983; Shapley, 1990) , high spatial frequencies and low temporal frequencies (TF). Conversely, M cells are sensitive to a wide range of contrasts, including strong responses to low contrasts (Hicks et al., 1983; Shapley, 1990) at low SFs and high TFs. By selectively deactivating the M and P pathways at the lateral geniculate nucleus (LGN), Allison, Melzer, Ding, Bonds, and Casagrande (2000) showed that the contrast response of cortical neurons was determined by both the M and P pathways. The M pathway provides all of the contribution to the response at contrasts below 0.1, contributing relatively more than the P pathway until contrasts of around 0.3, at which point the P and M pathways both contribute equally. In the current experiment TF was kept constant at a moderate value of 4 Hz, so the stimulus cycled twice in the test phase in all cases. It is likely then that by reducing the SF from 3 to 0.18 in the adaptation and test stimuli, processing was biased to include the outputs of M cells preferentially over P cells. The crossover point in the present experiment would be between 0.4 and 1.8 cpd, as SFs above 0.4 failed to show increases in perceived contrast ( Fig. 4I-P) , while SFs below 1.8 did show these increases (Fig. 4A-H) . Solomon, Pierce, Dhruv, and Lennie (2004) demonstrated a slow contrast adaptation in the M pathway that was notably absent in the P pathway at the level of the LGN in monkeys. It is conceivable then, that the increases in perceived contrast seen at low spatial frequencies following adaptation in the present study may result from the biased activation and adaptation of cells in the M pathway over those in the P pathway. Future comprehensive models of contrast perception following contrast adaptation should incorporate the influence of spatial frequency, in particular the potential increase in perceived contrast.
